The human genome contains approximately 50 copies of the replication-defective human endogenous retrovirus 9 (ERV-9) and thousands of copies of its solitary long term repeat (sLTR) element. While some sLTRs are located upstream of critical genes and have enhancer activity, other sLTRs are located within introns and may be transcribed as RNAs. We found that intronic RNAs arising from U3 sLTRs of ERV-9 were expressed as both sense (S) and antisense (AS) transcripts in all human cells tested but that expression levels differed in malignant versus nonmalignant cells. In nonmalignant cells, AS was expressed at higher levels than S and at higher levels than in malignant cells; in malignant cells, AS was expressed at amounts equivalent to those of S RNA. Critically, U3 AS RNA was found to physically bind to key transcription factors for cellular proliferation, including NF-Y, p53, and sp1, indicating that such RNA transcripts may function as decoy targets or traps for NF-Y and thus inhibit the growth of human cancer cells. Indeed, short U3 oligodeoxynucleotides (ODNs) based on these RNA sequences ably inhibited proliferation of cancer cell lines driven by cyclins B1/B2, the gene targets of NF-Y.
H
uman endogenous retroviruses (HERVs) comprise approximately 8% of the human genome (1) , and have physiological functions as well as a potential role in some human diseases (2) . During primate evolution, thousands of copies of solitary long terminal repeats (sLTRs) were generated due to duplications of the founder provirus genome followed by recombinational deletion of most of the proviral genome, leaving intact sLTRs (3) . Different from other known retroviral LTRs, endogenous retrovirus 9 (ERV-9) LTRs have a variable number of tandem repeats with multiple enhancer binding sites for NF-Y (CCAAT), MZF1 (GTGGGGA), and GATA-2 (GATA) in their U3 region (4, 5) . Substantial progress has been made in uncovering the promoter activities of the ERV9 LTR U3 DNA (pertaining to its binding of transcription factors) in regulating several important genes, including p63 isoforms which protect the male germ line via tumor suppressor activity (6) (7) (8) , and the globin gene (4, 5) . However, little information has been published regarding the activities and functions of RNAs originating from the U3 region. Since some ERV-9 LTRs locate within introns of coding sequences of genes, such as the axin1 gene (in the reverse orientation) (9, 10) and the HLA-DRB gene (in the forward orientation) (11) , both U3 S and AS RNAs should be transcribed in cells as the result of spliced by-products from mRNAs of these genes.
In this study, we evaluated the function not of the ERV-9 LTR U3 DNA but, rather, of the U3 RNA transcripts originating from the U3 repeat region.
MATERIALS AND METHODS
Cells. Cell lines were maintained at 37°C in a humidified atmosphere of 5% CO 2 . Human cancer cells (MDA231, MCF-7, K562, LNcap, HepG2, HT1080, HTB77 and HTB78 cells) were cultured in either Dulbecco modified Eagle medium (DMEM) or RPMI medium. All of the media were purchased from Life Technologies, Inc.
ODN decoy treatment. A total of 2.5 ϫ 10 4 cells were treated with ERV-9 U3 sense (S) or antisense (AS) oligodeoxynucleotides (ODNs) at different concentrations for 72 h. Green fluorescent protein (GFP) ODN was used as a control to subtract the ϳ3 to 6% nonspecific cytotoxicity of phosphorothioate-based ODN. G3139, GRN163, and MDM2AS were three positive controls. Cells were counted with a FACSCalibur (BD Company). Relative cell proliferation levels were expressed as percentages of control ODN treatment. ODNs and biotinylated ODNs were as follows: ERV-9LTR U3 S, CTCAAGGTTTGTAAACACACCAATCAG; ERV-9LTR U3 AS, CTGATTGGTGTGTTTACAAACCTTGAG (GenBank accession no. AF064190; 3,329 to 3,355 bp); U3 S mut, CTCAAGGTTTG TAAA CACAtgtgaCAG; U3 AS mut, CTGacactTGTGTTTACAAACCTT GAG; GFP, CATTATCAACAAAATACTCCAATTGGC; G3139, TCTCC CAGCGTGCGCCAT; GRN163, TAGGGTTAGACAA; and MDM2 AS, TGACACCTGTTCTCACTCAC, where lowercase letters represent mutated nucleotides.
Cell cycle analysis. ODN-treated cells were suspended in phosphate buffer solution (PBS) and centrifuged (1,500 rpm for 8 min), and the supernatant was discarded. The suspension was fixed with precooled 75% ethanol overnight at Ϫ20°C and treated with RNase at 0.5 mg/ml at room temperature for 30 min and then with 10 g/ml propidium iodide. After 30 min at room temperature, the percentage of the cells at different phases in the cell cycle and cell apoptosis was determined with a FACSCalibur (BD Company).
PCR primers. For information about the PCR primers, see the supplementary material.
RNA extraction, reverse transcription, and real-time PCR quantification. Total RNA was extracted from cells with a cell density of 75% confluence using TRIzol total RNA isolation reagent (Gibco BRL, Life Technologies, Gaithersburg, MD) as per the manufacturer's protocol and the RNeasy minikit (Qiagen; catalog number 74104). Total RNAs were treated by DNase I (Invitrogen; catalog number 18068015). There was no PCR amplification of ERV-9 LTR U3 products from DNase I-treated RNA samples (see Fig. S1a in the supplemental material). cDNA was synthesized from total RNA using gene-specific primers or random primers by using a high-capacity cDNA reverse transcription kit (Applied Biosystems [ABI]; part number 4368813). Real-time PCR was performed using an ABI 7300 sequence detection system. Real-time PCR was performed by using Integrated DNA Technologies (IDT)-designed or ABI probe and primers to detect the gene of interest with 18S rRNA or the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as an internal control. Cellular and viral PCR primers for real-time evaluations are included in supporting information.
Primary ductal carcinomas. RNAs of 4 matched pairs of human primary ductal carcinomas (BT1 to BT4) (TNM classification T2 [12] ) and their respective adjacent normal mammary tissues (BN1 to BN4) designated K135 (BT1 and BN1), K165 (BT2 and BN2), K172 (BT3 and BN3), and K191 (BT4 and BN4) were purchased from Indivumed GmbH (RNA integrity number [RIN] Ͼ 7). K135 and K165 were estrogen receptor positive, while K172 and K191 were estrogen receptor negative. K135 and K172 were HER2 positive, while K165 and K191 were HER2 negative. All four were progesterone receptor negative.
Northern and Western blotting. RNAs were separated on 12% denaturing urea-polyacryamide gels and transferred to a nylon membrane. S and AS ODN probes end labeled with 32 P were used to detect AS and S endogenous U3 RNAs separately. RNAs of four matched pairs of human breast cancer and adjacent normal mammary tissues were obtained from Indivumed. The RNA of EL4, a mouse lymphoma cell line, was used as the negative control. NuPAGE 4 to 12% bis-tris gels and an LAS4000 biomolecular imager were used for Western blot analysis.
RNA-IP. RNA immunoprecipitation (RNA-IP) was carried out using an RNA-IP assay kit (MBL; catalog number RN1001). Precleared cell lysates were incubated at 4°C overnight with 2 g of antibodies to one of the following: NF-Y, p53, p21, p300, Est-1, sp1, histone deacetylase 1 (HDAC1), polypyrimidine tract-binding protein 1 (PTBP1), and mouse IgG. The RNA-protein immunocomplexes were brought down by protein A/G beads, and RNA was then purified from the complexes for real-time PCR (RT-PCR) as described previously. For in vitro competition, 100 g of cellular lysate was incubated with 5 g of different AS, S, and control ODNs and rocked at 4°C overnight. The same concept was used to design U3S L , U3AS L , U3Sm L , U3ASm L , and K L . ODN sequences used in RNA-IP are included in the supplemental material. Antibodies to NFY-A/sc-10779, NFY-C/sc7715-R, NFY-B/sc-13045, NFKB-p65/sc372, HDAC1/ sc-7872, Est-1/sc5558, sp1/sc-14027, p53/sc-6243, p21/DCS60, p300/sc-584, PTBP1/sc-133677, and biotin/sc-57636 were used for RNA-IP.
Xenograft models. BALB/c scid male mice (JAX mice), 4 to 6 weeks old, were used to make HT1080 and MDA231 xenografts. Cultured cells were washed with and resuspended in serum-free media. The suspension (2 ϫ 10 6 cells in 0.2 ml per mouse) was then injected into the chest area of the mice. The mice were monitored by measuring tumor growth and body weight and by general clinical observation. Tumor-bearing mice were randomly divided into multiple treatment and control groups (8 mice per group) on day 7. All ODNs, dissolved in 0.2 ml of physiological saline (0.9% NaCl), were injected daily into the area adjacent to the tumor at doses of 50 g/mouse for 7 days. The control group received saline only. Animals were sacrificed and tumors were isolated and weighed. ODN treatment was blinded and data were decoded.
PCR cloning and sequencing. pCR@2.1-TOPO and pcDNA3.1/NT-GFP-TOPO vectors were used for cloning and sequencing.
Statistics. A 2-tailed unpaired t test (GraphPad software) and sigma plot were used for analysis of variance (ANOVA). A P value of less than 0.05 was considered statistically significant. All real-time PCR and ODN growth inhibition data shown in this report are the means Ϯ standard deviations (SDs) of 3 replicates. Each assay was repeated three times, with comparable results.
RESULTS
Expression of both S and AS RNAs of the ERV-9 LTR U3 repeat region in human tumor cell lines and in primary ductal carcinomas. In initial experiments, we investigated the expression of ERV-9 LTR U3 RNAs in human cells by directional RT-PCR assays. A pair of primers was designed to specifically detect the first four repeat unit (0-1-2-3-4) 1 sequences of the ERV-9 U3 LTR based on the sequence of the ERV-9 LTR located upstream of the human ␤-globin gene locus (4, 5, 9, 10) (Fig. 1a) . Both U3 S and AS RNAs of the ERV-9 LTR (U3 S and U3 AS RNA, respectively) were detected as ϳ140-and ϳ200-nucleotide (nt) fragments in diverse human tumor cell lines (Fig. 1b) . Cloning and sequencing of RT-PCR products from MDA231 revealed that the ϳ140-and ϳ200-nt amplicons are actually 155 nt and 196 nt, respectively. The 155-nt amplicon has repeat elements of sequence 0-1-3-4 ( . Real-time PCR primers were then used to compare the relative levels of AS and S within malignant and nonmalignant cells. The U3 AS RNA was found to be expressed at a 2-fold-higher level than the U3 S RNA in primary, nonmalignant, cells while U3 AS and S RNAs were expressed at equal levels in cancer cell lines (Fig. 1c) .
Out of concern that cancer cell lines might not reflect the true expression of U3 RNAs in primary human cancers, we assessed expression of U3 RNAs in primary mammary ductal carcinomas (TNM classification T2 [12] ) and in their donor-matched adjacent normal mammary tissues. Normal mammary glands expressed 2-to 3-fold-more U3 AS RNA and 2-fold-less U3 S RNA than did their adjacent primary breast tumor counterparts (Fig.  3a) . High-resolution Northern blotting confirmed this differential expression of U3 RNAs: normal mammary tissues expressed higher levels of an ϳ500-nt U3 AS RNA species and lower levels of an ϳ200-nt U3 S RNA species than did primary ductal carcinomas (Fig. 3b) . Thus, both PCR and Northern blot analyses indicate that U3 RNAs arising from the ERV-9 LTR are differentially expressed in nonmalignant and malignant cells, with a higher level of expression of AS in nonmalignant primary cells than in malignant tumor cells. The ϳ200-nt S and ϳ500-nt AS RNA species appear to be novel U3 RNA transcripts, since they have not hitherto been reported (13, 14) (Fig. 3b) . PCR cloning and sequencing with nested U3 primers revealed that the ϳ500-nt AS RNA is 549 nt (Fig. 2Ae ) and that this 549-nt AS RNA originates in intron 10 of the BRCAA1-012 gene (AL732292.12) and contains six AUUGG motifs (see Fig. S2d in the supplemental material). BRCAA1-012 is a transcriptional variant of the BRCAA1 gene, sharing the last 6 exons with BRCAA1 ( Fig. 2Ba and Bb). Moreover, the ϳ200-nt S RNA was cloned and its actual size was found to be 240 nt (Fig.  2Bf) . The transcriptional origin of the 240-nt U3 S RNA is not known as yet, since its sequence is found in regions of chromosome 5 (AC008885.5) and chromosome 12 (AC126564.7), from which no other transcripts have originated.
ERV-9 LTR U3 AS RNA binds to NF-Y, p53, and sp1 in vivo. U3 RNAs of the ERV-9 LTR contain multiple CCAAT motifs (see Fig. S1b in the supplemental material) which are known binding sites for NF-Y, a transcription factor associated with cellular proliferation, principally through its binding to the CCAAT motifs of cyclin B1 and B2 genes (15) . Moreover, NF-Y itself binds to additional factors important in cellular proliferation, including p53, sp1, p300, Ets-1, and HDAC1 (16), Thus, it was plausible that modulating levels of free NF-Y via binding to U3 RNAs of ERV-9 LTR could potentially modulate cellular proliferation by serving as a "decoy" target or a "trap" in competing with binding of free NF-Y and its associated factors to genes mediating proliferation such as those for cyclins B1 and B2, CDC25C, CDC2, and topoisomerase (15) . Therefore, we investigated whether endogenous U3 RNAs bound to NF-Y and its associated factors in vivo by using antibodies to specifically immunoprecipitate NF-Y and other transcription factors in the cytoplasmic fraction of cells, followed by PCR to detect NF-Y-bound U3 RNAs. In malignant cell lines (HT1080 and MDA231) and in quiescent and proliferating T cells, the endogenous ϳ140-and ϳ200-bp U3 AS RNAs bound to NF-Y, p53, and sp1 but not to p300, Ets-1, or HDAC1 (Fig. 4) . Cloning and sequencing of AS ϳ140-and ϳ200-nt U3 amplicons from such immunoprecipitations ( //www.genecards.org/cgi-bin/carddisp.pl?geneϭIL15]), a higher expression level of MAPK-10 and IL-15, as has been reported previously for normal mammary glands versus those with mammary tumors (17; see also Genes-to-Systems Breast Cancer Database and GeneCards compendium above), may correlate with the higher expression level of the AS 196-nt decoy in normal cells. However, the transcriptional origin of the AS 155-nt amplicon is uncertain, since its sequence was not found within other identified transcripts, and therefore will require additional study. To our knowledge, this is the first report of an endogenous RNA molecule specifically binding to an important transcription factor in eukaryotic cells. Thus, the low expression level of U3 AS RNAs in breast cancer cells may facilitate the high-level binding of NF-Y to the cyclin B1 and B2 genes. Indeed, we found that all primary breast tumors had heightened expression of cyclins B1 and B2 RNAs without increased NF-Y mRNA levels (see and downregulated by p53 as well as by p21/WAF1 (18) (19) (20) (21) , the factors driving the maintenance of high expression levels of cyclins B1 and B2 in primary breast cancers (22) have not been fully elucidated. Indeed, we found reduced levels of message for cell cycle inhibitors p21/WAF1 and p15INK4b in primary breast tumors (see Fig. S3a in the supplemental material).
In vitro and in vivo inhibitory effects of U3 S and AS ODNs in growth of human cancer cell lines. To further study the biological functions of ERV-9 LTR U3 S and AS RNAs in cell growth, we administered short U 3S and U3 AS ODN sequences, based on sequences in these LTR elements, to cancer cells. Phosphorothioate ODNs (27 nt) corresponding to subunit 2 of the (1-2-3-4) 1 tandem repeat in S and AS orientations were constructed (S ODN and AS ODN) (Fig. 1a) . These two ODNs contain one NF-Y binding motif (CCAAT in sense and ATTGG in antisense) and, critically, lack CpG sequences which are known to induce nonspecific inflammatory or interferon (IFN) responses that could diminish cell proliferation. Both U3 S and AS ODNs reduced the growth of HT1080 and MDA231 2-to 3-fold but did not inhibit the growth of normal primary keratinocytes stimulated by EGF, quiescent or proliferating peripheral blood lymphocytes (PBL), or monocytes stimulated with pooled human serum (see Fig. S3 in the supplemental material). Control U3 S and AS ODNs (U3Sm and U3ASm) which were mutated so that they lacked the NF-Y binding motif showed significant restoration of cellular proliferation, indicating the criticality of the NF-Y binding motifs (see Fig. S4 in the supplemental material). We then tested these ODNs in six diverse human cancer cell lines and found that both ODNs reduced cell growth 1.5-to 2-fold greater than did G3139 (23), GRN163 (24) , and MDM2 AS (25) ODNs (Fig. 5a) . G3139, GRN163, and MDM2 AS ODNs are known to inhibit growth of malignant cells by targeting Bcl2, telomerase, and MDM2, respectively. In a chemosensitivity assay, S and AS ODNs sensitized all six cell lines to etoposide phosphate (VP16) 1.5-to 2-fold greater than did the three positive controls (see Fig. S5 in the supplemental material). To assess whether such effects on in vitro tumor cell growth would be realized in vivo, we investigated the effects of ERV-9 LTR U3 S and AS ODNs on tumor growth in a xenotransplant model, using HT1080 and MDA231 tumors in SCID mice. We found that U3 S and AS ODNs potently inhibited in vivo tumor growth (Fig. 5b) . performed cell cycle analyses following treatment of cell lines with S and AS ODNs. Compared to the GFP ODN negative control, U3 S and AS ODNs increased the percentage of cells in G 0 /G 1 phases from 80% to 90% in HT1080 and from 64% to 77% in MDA231, while the three positive controls increased the percentage of cells in the G 0 /G 1 phases from 80% to 82% (HT1080) and from 64% to 71% (MDA231) (Fig. 6) . These results indicate that one of the mechanisms by which U3 S and AS ODNs of ERV-9 LTRs inhibit human cancer cell growth is by causing arrest in G 0 /G 1 . To uncover the molecular basis by which ERV-9 LTR ODNs caused G 0 /G 1 phase arrest, we assessed cell cycle genes related to the NF-Y pathway by real-time PCR in ODN-treated cells. Both U3 S and AS ODNs downregulated mRNAs of cyclins B1 and B2, CDC2, and CDC25C 2-to 3-fold and upregulated mRNA of the cell cycle inhibitor p21/WAF1 3-fold in HT1080 and MDA231cells (Fig. 7) . Additionally, U3 AS ODN upregulated mRNA for IL-24, a cytokine known to inhibit cell proliferation, 7-fold in MDA231 cells (Fig. 7c) . These ODNs failed to downregulate mRNAs of cyclins D1 and D3, which are not strongly regulated by NF-Y (Fig.  7a and b) , and, critically, neither U3 S nor AS ODNs altered the mRNA levels of critical transcription factors themselves, including NF-Y, sp1, and p53 (see Fig. S6 in the supplemental material). Because some ODNs induce type I interferons which are known to cause G 0 /G 1 -phase arrest (26), we evaluated whether type I interferon was involved in U3 ODN-mediated G 1 arrest. Thus, we cotreated HT1080 and MDA231 cells with U3 ODNs and a soluble interferon receptor, B18R, which has high affinity for type I interferons and blocks both autocrine and paracrine functions of type I interferons. We found that B18R did not significantly reduce the antiproliferative activity of U3 ODNs but ably blocked the antiproliferative activity of the IFN-␤ control, indicating that type I interferons did not play a major role in G 1 -phase arrest by U3 ODNs (see Fig. S7 in the supplemental material). We also failed to find a role for enhanced apoptosis as an explanation for diminished cell growth in ODN-treated cells. Moreover, the nonspecific cytotoxicity of the ODNs themselves was less than 6% in all tested samples.
ERV-9 LTR U3
Since NF-Y has been reported to have a minimal impact on the p16/cyclin D1/CDK4/pRB proliferation pathway (15), U3 ODNs theoretically should have less inhibitory effect in cancer cell lines whose proliferation is largely mediated by activation of the p16/ cyclin D pathway. To test whether this was indeed the case, we evaluated two ovarian cancer cell lines that differed with respect to dependence on cyclins D and B. In comparing the expression of 15 cell cycle-related genes, we found that HTB77 had lost p16 expression but had no significant differences in the remaining 14 genes compared to HTB78 (see Fig. S8a and b in the supplemental material) (27) . Since p16 inhibits the cyclinD/CDK4/6 pathway, the loss of p16 allows constitutive activation of the cyclin D/CDK4/ pRB pathway. In treating these two cell lines with U3 ODNs, we found that while U3 AS ODN inhibited the growth of HTB78 cells, it did not significantly inhibit the growth of the cyclin D-driven HTB77 cells (see Fig. S8c ). The HTB77 cell line was, however, inhibited by NFKB AS ODN, which targets the cyclin D pathway (see Fig. S8c ). This result further supports the specificity of U3 AS ODN for the cyclin B1 and B2 proliferation pathway.
Finally, to evaluate whether such exogenous U3 ODNs functioned as traps to bind NF-Y, we performed a competition assay in which U3 ODNs competed for NF-Y binding to its endogenous ligand, U3 AS RNA. AS ODN diminished binding of NF-Y, p53, and sp1 to U3 AS RNA 5-fold compared to its U3 AS mut ODN counterpart lacking an NF-Y binding site, while U3 S ODN diminished binding of NF-Y, p53, and sp1 to U3 AS RNA 2-fold compared to its mutant control counterpart (Fig. 8a) . To more directly assess the physical binding of NF-Y to the ODNs, we designed a pair of long (S L and AS L ) ODNs (158 nt) with 5 tandem repeats of the original 27-nt S and AS sequences containing 5 NF-Y binding motifs (Fig. 8b) flanked by a 12-nt murine leukemia virus (MLV) PCR linker on both ends to distinguish the exogenous ODN from the endogenous ERV-9 LTR U3 DNA. Our data demonstrated that AS L ODNs strongly bound to NF-Y but not directly to p53 or sp1, while S L ODNs more weakly bound to NF-Y but not directly to p53 or sp1 (Fig. 8c) primary ductal carcinomas (BT) and adjacent normal mammary tissue pairs (BN). U3 AS RNA was expressed at a significantly higher level than U3 S RNA in normal tissues (P Ͻ 0.05) but not in cancer tissues (P Ͼ 0.05) within each sample pair. Relative fold was calculated by setting AS RNA expression level in each corresponding normal tissue as 1-fold. ANOVA was used to evaluate significance. (b) High-resolution Northern blot analysis of U3 AS and S RNAs in matched pairs of human ductal carcinomas and adjacent normal mammary tissue. Ductal carcinomas expressed less U3 AS and more U3 S RNAs than adjacent normal tissues. The ϳ500-nt AS RNA was detected by nested U3 (1-2-3-4) 1 S ODN probes, and the ϳ200-nt S RNA was detected by nested U3 (1-2-3-4) 1 AS ODN probes. The nested probes were then used as PCR primers to clone these two novel RNAs (Fig. 2) .
RNAs cannot specifically be isolated by current immunoprecipitation methods, we used biotinylated U3 ODNs as a surrogate. We treated unstimulated PBL and MDA231 with biotinylated ODNs and then used an antibody against biotin to specifically pull down NF-Y protein complexed with the U3 ODN. Our data demonstrated that U3 S ODN bound to ϳ10% total NF-Y and U3 AS ODN bound to ϳ30% total NF-Y protein (Fig. 8d) compared to ERV-K and both U3 mutant ODNs (lacking NF-Y binding sites). Taken together, these results indicate that the CCAAT motif plays an essential role in NF-Y binding to U3 ODNs and suggest that the mechanism by which exogenous U3 ODNs inhibit cell cycle progression is by outcompeting the binding of NF-Y to both endogenous U3 AS RNA and to the CCAAT motifs of the cyclin B1 and B2, CDC2, and CDC25C genes. These findings also indicate that endogenous U3 S RNA binds to NF-Y. However, its relatively weak affinity likely explains why we could not detect the binding of U3 S RNA to NF-Y previously.
As regards the lack of inhibitory effect of U3 ODNs on the growth of normal cell populations such as PBL, two factors may be important. First, PBL and many other cell types proliferate predominantly through a cyclin D-mediated pathway (28) (29) (30) . Second, nonmalignant cells such as PBL express 2-fold-more AS U3 RNA and 1.5-to 3-fold-less NF-Y mRNA than do HT1080 and MDA231 cells (see Fig. S9 in the supplemental material), suggesting that higher, perhaps plateau, levels of endogenous antiproliferative U3 AS RNA and lower levels of NF-Y provide relative resistance to effects of exogenous U3 ODNs. That stimulated PBL maintain high levels of U3 AS RNA also indicates that a loss of high levels of expression of U3 AS RNA may be unique to the malignant state. Studies are under way to examine the basis for loss of highlevel expression of U3 AS RNA in tumor cells.
DISCUSSION
Our data regarding the pattern of expression of ERV9-LTR U3 RNA transcripts in primary human cells and in their malignant primary cancer and cancer cell line counterparts suggest that U3 AS RNAs with AUUGG motifs function as decoy receptors or traps for NF-Y that diverts it from binding to cyclin B genes and thus keeps cell proliferation in check. This hypothesis was supported by the finding that U3 AS RNAs of ERV-9 LTRs do indeed form RNA-protein complexes with NF-Y, p53, and sp1. That U3 S RNAs were not found to bind such factors, despite containing CCAAU motifs, further supports the known complexity regarding binding of transcription factors to their ligands (see description of methods used to detect protein-RNA interactions on the Pierce Protein Biology Products website [http://www.piercenet.com/browse.cfm?fldIDϭB7A23C70 -5056-8A76-4E39-B7DB24C3742C]) as well as the limit of sensitivity of our assay, as our long U3S ODN construct, containing multiple NF-Y binding sites, did show binding. The difference in NF-Y binding to U3 S and AS RNAs may thus be significantly influenced by tertiary structure, abundance, and stability of U3 S and AS RNAs (see Pierce web page above). Our decoy hypothesis is further supported by a recent study in which it was proposed that the 4,000 DNA copies of the sLTR in the human genome may competitively bind NY-F, present in limiting amounts, and selectively transfer NF-Y to the promoters of cis-linked genes (5). Indeed, our findings provide evidence that the noncoding AS RNA of ERV-9 LTR U3 may actually serve a novel function as a natural regulatory reservoir (Fig. 9a) for cell cycle transcription factors such as NF-Y, p53, and sp1 in human cells, as distinct from previously elucidated functions of noncoding RNAs, including the direct targeting of RNA polymerases, X-inactivating-specific RNA transcripts, and histone-modifying enzymes (31) . A similar small noncoding U3 RNA (104 nt) derived from the feline leukemia retrovirus was also recently documented (33) .
That the origin of the AS RNA decoys described in these studies is from ERV9 LTR sequences is best supported by the homologies of such RNA transcripts to the sequences and order of the repeat elements in the ERV9 LTR associated with the ␤-globin gene. Thus, the 196-nt amplicon contains four identical subunits (subunits 1, 2, 3, and 4) and the identical repeat alignment 0-1-2-3-4 ( Fig. 2Aa and Ad) and is ϳ99% homologous to the ␤-globin's LTR sequence, while the 155-nt amplicon contains three identical subunits (subunits1, 3, and 4) and a similar, but not identical, repeat alignment (0-1-3-4) (Fig. 2Aa and Ac) and is ϳ75% homologous to the ␤-globin LTR sequence (due to missing subunit 2) (Fig. 2Aa and Ac). The 155-and 196-nt amplicons do not appear to be processed from the 240-or 549-nt species, since the alignments of the repeat elements differ among these species (Fig. 2Ac , Ad, Ae, and Af). Therefore, it is likely that they arose independently from different chromosomal loci (Fig. 2Ac , Ad, Ae, and Af). Additional efforts will be made to evaluate the evolutionary origins of these sLTR elements. Also, additional ϳ140-and 200-nt amplicons will be sequenced to look for processed transcriptional variants other than the identified 155-and 196-nt RNAs.
Our studies further identified a 549-nt AS RNA transcript expressed at a higher level in primary nonmalignant cells than in malignant cells and, reciprocally, a 240-nt S RNA transcript ex- 6 tumor cells on day 0. Tumor bearing mice were randomly sorted into 5 groups (n ϭ 8) on day 7. Injection of the tumor site with ODNs was initiated on day 7 and continued daily for 7 days. U3 S and AS ODNs diminished HT1080 and MDA 231 tumor growth to a greater extent than did PBS and GFP controls (P Ͻ 0.05). ANOVA was used to evaluate significance. G3139 diminished HT1080 and MDA 231 tumor growth, but the value was not statistically significantly different from that of the negative control by ANOVA.
pressed at a higher level in malignant breast tumors than in primary cells. These U3 AS (549-nt) and U3 S (240-nt) RNAs appear to be novel species, since they are much smaller than the previously reported 1,350-nt RNA of the ERV-9 LTR (11, 13) and are different in the alignment of their repeat elements from ERV-9 LTRs at the globin and axin 1 gene loci (Fig. 2Aa knock down these transcription factors. BRCAA1 is a known tumor suppressor gene, since its deficiency in mice leads to leukemia (32) , and mutations in this gene contribute to development of human diseases and cancer through epigenetic mechanisms (32) . However, given that the 549-nt AS RNA is embedded in BRCAA1 intronic elements, it is tempting to speculate that one potential mechanism of the tumor suppression mediated by BRCAA1 gene pertains to potential antiproliferative activity of this AS species, which contains NF-Y binding sites. Thus, higher expression of the tumor suppressor gene BRCAA1 RNA in normal mammary glands compared to breast cancers (see ARIB4D in the GeneCard compendium) may correlate with the higher expression of the ϳ500-nt (549-nt) AS RNA in normal versus malignant tissues in our Northern blot. But why levels of BRCAA1 and the 549-nt AS RNA are diminished in tumor cells is not yet clear. The expression pattern of this 549-nt AS, whether it binds NF-Y protein, and whether it diminishes cell proliferation will be examined in multiple cancer cell lines. The 240-nt sequence is not found embedded in other identified transcripts, and thus, its origin and the molecular basis of the differential expression of U3 S RNA between normal and tumors require further study. Further characterization of both U3 RNA species as regards their origin, function, and splicing fates are under way. There is, thus far, no evidence to support the possibility that intronic ERV-9 LTRs can also act as promoter or enhancer elements to regulate their own, or cislinked, genes (4, 5, 9, 10) . Genomic knockout studies are being considered to further address this point. Additional contributions of ERV9 U3 RNAs to tumor cell proliferation may arise from microRNAs (miRNAs) associated with such transcripts. Thus, given the equal levels of expression of S and AS RNA transcripts in cancer cells, we evaluated whether such S and AS hybridized with each other to form stem structures (Fig. 9b) . Three ERV-9 U3 RNAs cloned from a primary breast tumor (BT1 in Fig. 3 ) appear to be microRNAs in preliminary studies. These U3 RNAs have CCAAU motifs in the stem structure and may also have a role in NF-Y regulation.
ERV9 U3 ODNs may have potential as therapeutic agents. Indeed, they induced G 1 -phase arrest in the cell cycle, decreased the expression of proproliferative cyclins B1 and B2, CDC2, and CDC25C, and increased the expression of antiproliferative p21/ WAF1 and IL-24, but they did not affect the RNA expression levels of NF-Y, p53, or sp1. Their induction of G 0 /G 1 -phase arrest is highly similar to the cell cycle arrest mediated by other antitumor ODNs which induce cell cycle arrest in ϳ7 to 10% of cells (34, 35) . Important differences in the decoy mechanism of the U3 ODNs, as opposed to the endogenous U3 AS, include the fact that p53 and sp1 did not form protein-protein complexes with NF-Y bound to ODN, perhaps due to structural constraints. This failure to bind p53 and sp1 may well be critical to the potency of AS ODN activity, as increased free levels of p53 and sp1 have been reported to enhance expression of p21/WAF1 (19, (36) (37) (38) (39) and IL-24 (40), both of which mediate antiproliferative activity via G 0 /G 1 -phase arrest (41, 42 ). Indeed, the high level of induction of IL-24 mRNA in AS ODN-treated MDA1 cells may pertain, at least in part, to the activity of free sp1 (Fig. 8a and c) . This hypothesis will be evaluated in future studies. The complexity of IL-24 mRNA induction is further highlighted by the fact that its induction was observed only in U3 AS ODN-treated MDA231 cells and not in HT1080 cells, indicating that there may also be tissue-specific factors involved. That the antiproliferative activity of U3 AS ODN depended on its binding to NF-Y, and thus affected the cyclin B1 and B2 proliferative pathway, was shown not only by specific controls lacking NF-Y binding sites but also by the lack of effect of U3AS ODN on cells whose proliferation is predominantly driven by the cyclin D pathway (see Fig. S8 in the supplemental material). Finally, there remains the question of the mechanism by which S RNA and ODNs mediated antiproliferative activity, as we failed to document binding of NF-Y to endogenous S RNA. Nonetheless, we did find that our extended S ODN bound weakly to NF-Y, and therefore, it is possible that both U3 S and AS ODNs have similar mechanisms of action in competing for binding of NF-Y with cellular CCAAT motifs in normal cells, suggesting that the failure to observe binding of endogenous U3 S to NF-Y, using our current RT-PCR protocol, may be related to the lack of sensitivity of the assay. Based on our data, we postulate that dysregulation of expression of ERV9 LTR AS RNA and NF-Y may be important in inducing and/or maintaining a malignant phenotype. Since ODNs were used at a relatively high dosage in vitro as well as being delivered directly into the tumor bed in vivo, it is uncertain whether such U3 ODN would have inhibitory function at a lower level or delivered by a less direct route. Therefore, methods to increase bioavailability and cell delivery of ODN are critical challenges (43) .
In conclusion, this is the first report that describes the differential expression of RNAs of the ERV-9 LTR U3 region in normal human primary and cancer cells, the capacity of ERV-9 LTR U3 AS RNAs to assemble a protein-RNA complex with transcription factors, and the ability of U3 ODNs to diminish proliferation of some tumor cells. Since U3 ODNs are equally as or more potent than some known antitumor ODN agents, we believe that targeting the NF-Y pathway with ERV-9 LTR U3 ODN decoys could be considered a potential therapeutic approach with appropriate development, but one unlikely to mediate sustained tumor regression in the absence of agents that also target the cyclin D proliferation pathway. Since thousands of copies of sLTRs of ERV-9 have been inherited by successive generations and are widely expressed in multiple tissues, it is possible that there may be additional beneficial activities not yet uncovered (1) . Thus, sLTRs of ERV-9 in both DNA and RNA forms may have important epigenetic activity in multiple critical cellular functions, potentially explaining their evolutionary preservation and offering the possibility of therapeutics based on their sequences. Overall, the studies of the interaction between hosts and endogenous retroviruses as well as retrotransposons may lead to novel therapeutic molecular arsenals in the future (44) (45) (46) .
